M icrotubules (MTs) are key players in cell division, migration, and signaling and are thus targets for herbicides, fungicides, and in the treatment of many human diseases, most notably cancer. Their cylindrical lattice is built through longitudinal (head-to-tail) and lateral (side-by-side) supramolecular assembly of the tubulin α /β heterodimer. In solution, this heterodimer favors a 'bent' conformation, but the lattice geometry imposes and temporarily stabilizes a tense 'straight' conformation 1-3 ( Fig. 1a ). Such spring-like conformational strain lies at the heart of MT dynamic instability and is vital for MT function 4,5 . The crucial switch between MT growth and shrinkage-known as 'catastrophe'-is driven by the β -subunit GTPase cycle, but its molecular basis has been unclear. The long-standing question is, how is the strain energy stored in the lattice released to depolymerize MTs and do work in the cell?
M icrotubules (MTs) are key players in cell division, migration, and signaling and are thus targets for herbicides, fungicides, and in the treatment of many human diseases, most notably cancer. Their cylindrical lattice is built through longitudinal (head-to-tail) and lateral (side-by-side) supramolecular assembly of the tubulin α /β heterodimer. In solution, this heterodimer favors a 'bent' conformation, but the lattice geometry imposes and temporarily stabilizes a tense 'straight' conformation [1] [2] [3] (Fig. 1a ). Such spring-like conformational strain lies at the heart of MT dynamic instability and is vital for MT function 4, 5 . The crucial switch between MT growth and shrinkage-known as 'catastrophe'-is driven by the β -subunit GTPase cycle, but its molecular basis has been unclear. The long-standing question is, how is the strain energy stored in the lattice released to depolymerize MTs and do work in the cell?
α -and β -tubulin subunits are structurally very similar. Each comprises three functional domains 6, 7 determining MT polarity: (i) a GTP-binding N-terminal (N) domain, located toward the fastergrowing MT plus (+ ) end, (ii) an intermediate (I) domain, facing the MT minus (− ) end, and (iii) a C-terminal (C) domain protruding from the MT wall ( Fig. 1a ). Tight 'head-to-tail' dimerization of α /β -tubulin buries the GTP-binding site of the α N domain at its interface with the β I domain 7 , making it a nonexchangeable site (N-site), always occupied by GTP. The corresponding region in the β -subunit is exchangeable (E-site), and when occupied with GTP, it mediates analogous but metastable head-to-tail association with the α I domain of another dimer, forming protofilaments (PFs). Individual PFs are compatible with the relaxed (energetically favored) bent tubulin conformation, but the lateral association of tubulin via specific interlocking of N and I domains gradually straightens tubulin dimers as well as the PFs formed by them 2, 8 (Fig. 1a) . Thus, the mature MT geometry imposes and temporarily stabilizes the straight tubulin conformation [1] [2] [3] 5 , and MT wall integrity relies on N-and I-domain involvement in both longitudinal and lateral lattice contacts (Fig. 1a ). In vitro, MTs polymerize with a range of PF numbers, but in cells most MTs have a 13-PF architecture. This architecture necessitates that at one site, called the seam, α -and β -tubulins form heterotypic lateral contacts, breaking the otherwise helical symmetry of an MT cylinder. Thus 13-PF MTs are pseudohelical.
As described above, tubulin strain is inherent to construction of an MT wall and is something of a time bomb, awaiting the trigger for disruption. This trigger involves GTP hydrolysis at the interdimer interface: the β -subunit's GTP is hydrolyzed due to recruitment of the α -subunit's catalytic E254 residue 7 during MT polymerization. The equivalent residue within the intradimer interface is a noncatalytic β K254, hence the N-site GTP is never hydrolyzed. E-site GTP hydrolysis somehow renders the MT wall unstable. Recent highresolution cryo-EM structures using GTP analogs show 9,10 , in line with earlier studies 11, 12 , that hydrolysis is accompanied by a longitudinal interdimer lattice compaction (~2 Å), but it is not known how this rearrangement is linked to MT catastrophe. How is the strain energy stored in the lattice released to depolymerize MTs? The vital structure of the GDP• Pi intermediate has remained unknown, although GTPγ S has been thought to mimic it 10, [13] [14] [15] .
The imbalance between subunit strain energy and lattice binding energy leading to catastrophe is predicted to result from perturbation of lattice contacts during and/or after lattice compaction. To detect these likely subtle (in the range of ~2 Å) changes in lattice contacts, it is necessary to compare high-resolution MT structures representing sequential steps in the GTPase cycle in a uniform MT architecture. This has not been achieved to date. We used doublecortin (DCX), a unique MT-associated protein (MAP) and a perfect tool for this work, as it nucleates and stabilizes a physiological 13-PF MT architecture by binding between four tubulin dimers in all nucleotide states ( Fig. 1a,d ) without perturbing known GTPase-linked transitions 16, 17 . Crucially, DCX's robust MT nucleation activity allowed rapid (~30 s) sample preparation, such that we could capture the earliest stages of DCX-MT polymerization ( Fig. 1b) , including the long-sought GDP• Pi transition state. By focusing on only the 13-PF MT architecture in the presence of only one MT binding partner-in contrast to previous work 9,10 -our structures shed new light on the structural transitions that drive dynamic instability.
The role of tubulin-tubulin lattice contacts in the mechanism of microtubule dynamic instability Szymon W. Manka * and Carolyn A. Moores * Microtubules form from longitudinally and laterally assembling tubulin α -β dimers. The assembly induces strain in tubulin, resulting in cycles of microtubule catastrophe and regrowth. This 'dynamic instability' is governed by GTP hydrolysis that renders the microtubule lattice unstable, but it is unclear how. We used a human microtubule nucleating and stabilizing neuronal protein, doublecortin, and high-resolution cryo-EM to capture tubulin's elusive hydrolysis intermediate GDP• Pi state, alongside the prehydrolysis analog GMPCPP state and the posthydrolysis GDP state with and without an anticancer drug, Taxol. GTP hydrolysis to GDP• Pi followed by Pi release constitutes two distinct structural transitions, causing unevenly distributed compressions of tubulin dimers, thereby tightening longitudinal and loosening lateral interdimer contacts. We conclude that microtubule catastrophe is triggered because the lateral contacts can no longer counteract the strain energy stored in the lattice, while reinforcement of the longitudinal contacts may support generation of force.
results

Determination of 13-PF structures of DCX-MTs in different nucleotide states.
To elucidate the mechanism of MT catastrophe, we analyzed conformational changes in tubulin through its GTPase cycle with single-particle cryo-EM, and assessed the impact of these changes on longitudinal and lateral lattice contacts. Overall, we determined 13-PF structures of four nucleotide states of DCX-MTs: (i) a GTP-like lattice (4.4-Å resolution) stabilized by GMPCPP, a slowly hydrolysable GTP analog 18 ; (ii) a GDP• Pi lattice (4.2 Å) and (iii) a control GTPγ S lattice (4.4 Å), both of which show clear density equivalent to the γ -P of GTP, but no density for the magnesium ion 10 ; and (iv) a GDP lattice (3.8 Å; Fig. 1c , Table 1 , Supplementary Figs. 1-3, and Supplementary Table 1 ). We calculated the lattice spacing and refined atomic models of tubulin for each reconstruction (Fig. 1c , Table 1 , and Supplementary Table 1 ). The prehydrolysis GMPCPP lattice has an extended axial repeat (83.74 ± 0.20 Å), whereas the GDP• Pi, GTPγ S, and GDP lattices are compacted (81.74 ± 0.06, 82.10 ± 0.07, and 81.90 ± 0.06 Å, respectively). The compaction of the lattice, together with the absence of magnesium density, support the interpretation that we have captured the posthydrolysis GDP• Pi state. Even 10-to 20-dimer-long multi-PF MT precursor assemblies (DCX pre-MTs) exhibited compacted lattices ( Fig. 1b) , emphasizing both the speed of GTP hydrolysis and the fact that the MT wall does not need to be complete for it to occur, at least with DCX bound at interdimer vertices (Fig. 1d ). The overall tubulin conformation in GTPγ S-DCX-MTs is in fact more similar to that in GDP-DCX-MTs than in GDP• Pi-DCX-MTs ( Supplementary Fig. 3 ) despite the presence of γ -P/γ -S ( Supplementary Fig. 2 ). This explains the slow MT growth observed with GTPγ S and highlights the unusual properties of this nucleotide analog 14 .
GTP hydrolysis in β-tubulin leads to uneven compression of α-tubulin. To characterize the origin of the lattice compaction in our reconstructions, we compared the different MT states by superposition on the β -subunit, which itself does not show large conformational changes 10 . This comparison revealed conformational rearrangements in the nucleotide-binding β T5 loop that likely cause changes in the E-site hydrogen bond network (β N domain) in the GDP• Pi state relative to the GMPCPP state (transition 1; Fig. 2a,b and Supplementary Videos 1 and 2). The β T5 loop interfaces with the adjoining tubulin subunit via the α S9 strand of the α I domain's central β -sheet. This β -sheet is sandwiched between two interdimer anchor points: A1, a hydrophobic contact between the C-terminal end of helix α H8 plus the α H8-S7 loop and helix β H11′ 10 ; and A2, a hydrogen bond between the K336 side chain at the C terminus of helix α H10 and the K174 backbone carbonyl in the β T5 loop ( Fig. 2a-c) . Thus, the conformational change in the β T5 loop leads to a ~1-Å shift of the α I domain toward the β -subunit. The α N domain, connected to the α I domain via α S6-S7 strands, undergoes a more prominent displacement (up to ~2.2 Å) toward both the MT (-) end and the lumen, together with a part of the C domain associated with it. This results in an uneven compression of the whole α -subunit, globally manifested as lattice compaction. After Pi release (transition 2), the α -subunit slightly twists (by a further ~1 Å; Fig. 2a and Supplementary Video 1), further narrowing the gap between the dimers.
Uneven compression of α-tubulin reinforces longitudinal lattice contacts. Transitions 1 and 2 strengthen the longitudinal interdimer interface ( Fig. 2c,d, Supplementary Fig. 4 , and Supplementary Video 3) . While the core of the interface is conserved among all states, transition 1 results in additional interactions between the α N terminus and β T2 loop and between the α T7 loop and helix β H1, as well as more extended interaction of strand α S9 with helix β H11 (Fig. 2c ), burying ~165 Å 2 (~10%) more of the solvent-accessible surface area and increasing the predicted amount of energy needed to dissociate the complex by ~0.8 kcal/mol (~15%; Fig. 2d ). Transition 2 further increases the interface area by ~110 Å 2 and the dissociation energy by ~1.1 kcal/mol due to additional interactions of the α H3-S4 loop with the β S3-H3′ loop and the α T7 loop with helices β H1 and β H2 (Fig. 2c,d) .
Uneven compression of α-tubulin weakens lateral lattice contacts.
It seems paradoxical that the polymer becomes unstable while longitudinal contacts become tighter after lattice compaction. This draws attention to the lateral contacts. The N and I domains are connected in the lattice by both the longitudinal and the lateral interfaces, enabling transmission of structural information between PFs. Due to the uneven compression of the α -subunits during transition 1, the lattice compaction not only tightens the interdimer spaces, but also perturbs the lateral contacts; this is because the α N domains move further toward the MT (− ) end and lumen than do the laterally connected α I domains from the neighboring PFs ( Fig. 3 and Supplementary Video 4) . Thus, in our GTP state model, the conformation places the lateral contacts between the α -subunits close enough together (< 4 Å) to support multiple points of connectivity (for example, Gly57-Glu284, His88-His283, His88-Glu284, Glu90-Lys280, and Gln128-Gln285). After hydrolysis, two of these distances (the Gly57-Glu284 and His88-His283 pairs) increase to > 4 Å as measured in our models of the GDP• Pi and GDP states. For example, α Gly57-α Glu284 are ~3.8 Å apart in the GTP state model, ~4.6 Å apart in the GDP• Pi state model ( Fig. 3b and Supplementary Fig. 5 ), and ~5.6 Å apart in the GDP state model. Transition 2 also results in noticeable perturbation of lateral contacts between the β -subunits. Of several putative connections (< 4 Å) in our models of the GTP and GDP• Pi states (for example, Ala55-Arg282, Lys58-Gln280, Gln83-Tyr281, Arg86-Tyr281, and Glu125-Lys336), separations > 4 Å are observed between the β Ala55-β Arg282 and β Lys58-β Gln280 pairs in the GDP state model, while density corresponding to the side chain of β Lys58 appears distinct in the GDP state reconstruction compared to the GDP• Pi state reconstruction, indicating that this residue is no longer involved in the lateral contact after Pi release (Fig. 3b, Supplementary Fig. 5, and Supplementary Video 4) .
DCX-MT lattice skew varies slightly with nucleotide state. The
GTPase-dependent lattice transitions also manifest as changes in PF skew. The extended GMPCPP lattice shows a slightly right-handed skew (0.16 ± 0.08°). Transition 1 straightens PFs (0.00 ± 0.08°), and transition 2 restores some of the initial skew (0.08 ± 0.07°; Supplementary Fig. 6 ). The direct influence of DCX on this property is not known, but MTs bound by the end-binding (EB) protein have a left-handed PF skew 10 , reaching 0.25 ± 0.01° in GTPγ S-EB-MT, whereas our GTPγ S-DCX-MT is almost straight (-0.02 ± 0.08°; Supplementary Fig. 6 and Supplementary Table 1 ). Thus, PF skew is influenced by several variables, including the tubulin nucleotide state and bound MAPs, but it is not obvious from these data that it is intrinsic to the mechanism of dynamic instability.
The role of lateral contacts in MT integrity supported by Taxol stabilization mechanism. The blockbuster MT-stabilizing drug Taxol binds near the β -subunit lateral contacts 6 and inhibits catastrophes. It has been suggested that it stabilizes MTs by allosterically counteracting lattice compaction 9 . We investigated this idea using GDP-DCX-MTs and found that Taxol binding to these prestabilized MTs did not reverse the GTPase-driven conformational changes. Rather, it locally displaced fragments of the β M and the β S9-S10 loops (≤ 1.7 Å) that it directly contacts (Fig. 4) . Therefore, an alternative explanation of Taxol's MT-stabilizing effect is that, while tubulin lateral contacts were loosened by GTP hydrolysis (Fig. 3b) , Taxol locks the β M lateral loops in the lattice-constrained conformation and thereby prevents PF peeling. Such stabilization of the otherwise labile GDP-MTs may also explain why the drug renders MTs flexible 19, 20 . Since it stabilizes every other lateral contact along each PF (assuming saturation), Taxol probably keeps the PFs only loosely associated within the GDP-MT lattice. Presumably as a consequence, we find MTs prestabilized with Taxol to be poorly decorated with DCX in vitro ( Supplementary Fig. 1b ). The same is true for cellular MTs 21 , providing further evidence for looseness of the Taxol-stabilized lattice, which DCX can override if it binds first.
Discussion
Our data suggest that a portion of GTP hydrolysis energy is absorbed by the lattice, triggering a two-step loosening of its lateral contacts, first between the α -subunits (transition 1) and then between the β -subunits (transition 2), which coincides with strengthening of interdimer longitudinal interfaces (Fig. 5 ). This explains why whole PFs peel away from MTs after rapid induction of catastrophe 1 . Our data suggest that catastrophe happens because the lateral contacts become too weak to counteract the intrinsic strain of the straight tubulin dimers. The role of homotypic lateral contacts in dynamic instability has been discounted in previous studies 9, 10 , but in comparing MTs stabilized by a single protein ligand (DCX) and in capturing the bona fide GDP• Pi state of the tubulin GTPase, we have identified their likely crucial role in contributing to MT dynamics. Very small differences in the energetics of lateral contact formation due to isoform-specific sequences could be an important mechanism for regulating MT dynamics in particular physiological settings 22 . As tubulin relaxes (bends), the disassembling PFs curl outward, generating force 3, 23 . The developing curvature in turn weakens the interdimer longitudinal contacts ( Supplementary  Fig. 7a-c) , allowing complete PF breakdown. So, the fine-tuned MT dynamics seem to only require perturbation of a few connections per dimer to tip the balance toward MT catastrophe. In our GDP-DCX-MT, catastrophe is prevented by DCX stabilization.
These results explain why only GTP-or GMPCPP-tubulin spontaneously nucleate MTs, since only the extended lattice forms favorable lateral contacts, apparently balancing the energetic cost of tubulin straightening. To counteract tubulin bending, the longitudinal contact is also larger in the lattice (~1,533 Å 2 ) compared to X-ray structures of curved PFs (832-1.026 Å 2 ) 24-28 ( Supplementary  Fig. 7c ). Only this lattice-imposed straight conformation brings the catalytic α E254 residue sufficiently close to the E-site GTP to complete the GTPase machinery ( Supplementary Fig. 7d ).
The specific flexibility of Taxol-MTs makes sense when the role of lateral contacts in dynamic instability is taken into account. Thus, where Taxol is added to MTs after polymerization has been allowed to proceed, our work suggests that the lateral contacts in these MTs would be loose due to the majority of tubulin being bound to GDP. Taxol works by holding the β -tubulin lateral contacts in place, but the entirety of the lattice is presumably rather flexible, explaining the biophysical properties of these MTs 29 and the documented knockon effects on binding by microtubule regulators, including EBs and DCX 21, 30 . Further, in experiments in which Taxol is added at polymerization initiation, it seems likely that its binding may alter or trap the GTPase-linked structural transitions in some more complex, time-dependent, and structurally heterogeneous way. A previous study 9 proposed that Taxol prevents or reverses GTPase-dependent MT lattice compaction and that MT stabilization by the drug relies on preservation of the extended (GTP-like) lattice state. In our study and in another recent publication 19 , Taxol binding was found to not induce lattice expansion. Similarly, other MT stabilizing agents may also be expected to work by stabilizing lateral contacts in lattice-like conformations 31 .
The stochastic nature of GTP hydrolysis events in the lattice 4 would be predicted to cause lateral contact mismatches between neighboring pre-and posthydrolysis dimers. These by themselves could cause tensions in the lattice, destabilizing it and/or synchronizing hydrolysis, presumably contributing to the multistep nature of catastrophe 32 . The MT seam is an inbuilt source of posthydrolysis lateral mismatch 10 , but not the only source of MT instability, because MTs do not simply unzip at the seam; instead their individual PFs depolymerize completely. Our analysis shows that the irreversible lattice transitions cause a global MT catastrophe, liberating tubulin to exchange its nucleotide and start the cycle again.
The intrinsic polarity of the tubulin dimers themselves 2 and of the conformational changes we have described here (Figs. 2,3 , and 5) likely contribute to the intrinsic but mechanistically poorly understood differences in MT dynamics at the MT (+ ) and (− ) ends. Our data highlight the conformational plasticity of α -tubulin at the longitudinal tubulin interface. If this conformational plasticity is recapitulated at the MT (− ) end, we predict that this would provide a previously unanticipated conformational barrier to stable addition of the incoming tubulin dimers. At the (+ ) end, in contrast, while we predict that α -tubulin retains its conformational plasticity in the incoming free tubulin dimers, the polymer-held β -tubulin would be predicted to provide a more stable platform or template for dimer docking, a stability that is reflected in faster (+ )-end growth.
With a multitude of MAPs, polymerases, depolymerases, and modifying enzymes in vivo, MT dynamics are unlikely to be governed by GTP hydrolysis alone, but by a complex network of regulators. For example, recent work has indicated the importance of acetylation around the lateral contacts as cellular means to prolong MT longevity 33, 34 ; this reinforces our conclusions about their role in MT stability. Here we show that the majority of MTs-built from GDP• Pi or GDP tubulin-are structurally poised for immediate catastrophe and force generation. However, overriding cellular regulators can ensure that tubulin strain energy remains stored in the lattice until required, prompted by cell physiology.
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